Speckle tracking has emerged as a quantitative technique for assessing left ventricular (LV) function. However, no normative data for LV twist using speckle tracking echocardiography (STE) are available in the black population. This study assessed myocardial mechanics by determining LV twist parameters in different age groups using STE, and evaluated the effect of ageing on LV twist in this population.
Introduction
Left ventricular (LV) twist is defined as the wringing motion whereby the LV apex rotates in an opposite direction with respect to the LV base about the LV long axis. 1 LV twist has a vital role in ensuring that blood is ejected in an efficient manner during systole. Twist mechanics of the left ventricle obtained using speckle tracking echocardiography offer new insights into the assessment of LV performance. Speckle tracking is a novel echocardiographic technique for the evaluation of LV twist that has been validated against magnetic resonance imaging (MRI) tagging 2 and has contributed to an explosion of research utilizing this technique in various cardiac abnormalities. Several pathological states have been identified in which the abnormality of LV twist is a significant contributing factor to LV systolic dysfunction. In healthy humans, there is a continuum of cardiac structural and functional alterations that occur with ageing. 3 -5 These age-associated cardiac changes may have relevance to the increased incidence of LV hypertrophy, chronic heart failure, and atrial fibrillation seen with increasing age. 3 -5 Several published studies describe LV twist forces in normal adults, and there appears to be an increase in LV twist with advancing age. 6 -11 Whether this relates solely to the ageing process or is associated with concomitant physiological or comorbid conditions that occur with ageing is unknown. The aim of this study was to establish normal values for LV twist in black Africans and evaluate the effect of ageing on LV twist in this population.
Methods
The study population comprised randomly chosen volunteers recruited from Chris Hani Baragwanath Hospital staff and visitors and Soweto community members from January 2011 to May 2012. All subjects underwent clinical evaluation, which included history and physical examination. Only subjects who were asymptomatic and normotensive, had no evidence of cardiovascular or systemic diseases on history and physical examination, and had normal 12-lead electrocardiogram underwent echocardiography. All subjects who had entirely normal echocardiograms and adequate image quality for speckle-tracking analysis were enrolled in the study after informed consent was obtained. A total of 150 subjects were screened for inclusion. Twenty-three subjects were excluded as a result of inadequate image quality, which did not allow for complete segmental assessment of LV rotation at both the basal and apical left ventricle. The remaining 127 subjects made up the study group and were classified into four age groups: 20 -29 (n ¼ 34), 30 -39 (n ¼ 33), 40-49 (n ¼ 29), and 50 -65 (n ¼ 31) years. This study was approved by the University of Witwatersrand Ethics Committee (clearance number: M110204) and Institutional Review Board.
Echocardiography
Comprehensive transthoracic echocardiography was performed using a commercially available system (iE33 xMATRIX, Philips Healthcare, Andover, MA, USA) equipped with an S5-1 transducer (frequency: 1.7 MHz transmitted, 3.4 MHz received) according to a standardized protocol. All echocardiographic measurements were averaged from three heartbeats. Measurements relating to chamber size and function were performed in accordance with the American Society of Echocardiography (ASE) chamber quantification guidelines 12 and the ASE 2010 guidelines on right heart assessment. 13 Severity of mitral and tricuspid regurgitation was analysed in accordance with the ASE guidelines on native valvular regurgitation. 14 Ejection fraction was calculated from LV volumes by the modified biplane Simpson rule in accordance with the guidelines. 12 From the mitral-inflow pattern, peak early (E) and late (A) filling velocities, E/A ratio, and E-velocity deceleration time were measured. Pulsed-wave tissue Doppler was performed at end-expiration at the level of the inferoseptal mitral annulus from an apical four-chamber view. To acquire the highest wall tissue velocities, the angle between the Doppler beam and the longitudinal motion of the investigated structure was adjusted to a minimal level. The spectral pulsed-wave Doppler velocity range was adjusted to obtain an appropriate scale. The time intervals between the peak of the R-wave on the electrocardiogram and the aortic valve opening and closure, and between the R-wave and the mitral valve opening and closure were measured using pulsed-wave Doppler acquired from the LV outflow and inflow, respectively. LV mass was calculated using the formula:
]} + 0.6 g, where LVIDd, PWTd, and SWTd are LV internal diameter at end-diastole, posterior wall thickness at end-diastole, and septal wall thickness at end-diastole, respectively. 12, 15 Relative wall thickness was calculated using the formula: (2 × PWTd)/LVIDd.
12,15
Speckle-tracking analysis Two-dimensional images were obtained at a frame rate of 60 -80 frames/s. Parasternal short-axis images at the LV basal level showing the tips of the mitral valve leaflets were obtained with cross-sections as circular as possible. To obtain short-axis images at the true LV apical level, the transducer was positioned one or two intercostal spaces more caudally and acquired in a manner described by van Dalen et al. 16 LV longitudinal strain analysis was performed using the apical four-chamber view. Foreshortened images were avoided by looking for the largest long-axis dimensions. From short-axis views, radial strain, circumferential strain, and rotational data were averaged across six wall segments (anteroseptal, anterior, lateral, posterior, inferior, and septal) at the basal and apical levels. Global circumferential strain was also measured from parasternal short-axis views at the papillary muscle level. The width of the region of interest was adjusted to include the entire myocardium. Analysis of the data sets was performed using QLAB Advanced Quantification Software (Version 8.0, Philips, Best, The Netherlands). In all instances, mean longitudinal, circumferential, and radial strain for each subject was calculated by the sum of the strain measured in each anatomic region divided by the number of segments analysed in that particular view.
To assess LV rotation, six tracking points were placed on an enddiastolic frame 17 17 In all instances in which tracking points were manually manipulated to optimize speckle tracking, no tracking points were allowed to be moved more than 308. Counterclockwise rotation as viewed from the apex was expressed as a positive value; clockwise rotation was expressed as a negative value. End-systole was defined as the point of aortic valve closure. Analysis was performed to evaluate the peak basal and apical bulk rotations during the ejection phase and the net instantaneous twist of the left ventricle, which was calculated as peak apical rotation (AR) minus basal rotation (BR) at a time isochronous with the peak AR. Analysis was performed to note the patterns of AR and BR during isovolumic contraction and during the ejection phase characterized by clockwise BR and counterclockwise AR in systole. The curves generated by the QLAB software include automated analysis of subendocardial and subepicardial regions by speckle tracking at the base and apex. In all subjects, the direction, timing, and peak values of subendocardial and subepicardial rotations at both the apex and base were documented. The untwisting rate was defined as the mean diastolic untwisting velocity from instantaneous peak systolic twist to mitral valve opening and calculated as follows: (twist at mitral valve opening -peak systolic twist)/time interval from peak systolic twist to mitral valve opening.
Statistical analysis
Database management and statistical analyses were performed with the SAS software (Version 9.2, SAS Institute, Inc., Cary, NC, USA). Data are presented as mean + standard deviation. Continuous variables between age categories were compared using ANOVA, or the Kruskal -Wallis test when the distribution was non-normal. Two-by-two comparisons were then performed applying the Bonferroni correction, with a P-value ,0.0083 denoting significance. Univariate and multivariate linear regression analyses were used to identify possible independent determinants of net twist. Three separate models to predict net twist were used in a multiple linear regression analysis. Interobserver variability was assessed for twist measurements in 20 randomly selected patients and calculated as the standard deviation of the differences between measurements of two independent observers who were unaware of the other patient data; these calculations were expressed as a percentage of the average value. Intraobserver variability was calculated as the standard deviation of the differences between a first and second determination of a single Normal left ventricular twist in Africans observer, and expressed as a percentage of the average value. P-values ,0.05 were considered statistically significant. Intraobserver and interobserver variability for LV rotation parameters (AR and BR, net twist, and longitudinal, circumferential, and radial strain) in our centre varies from 2 + 3 to 10 + 9%, and from 4 + 4 to 12 + 8%, respectively.
Results

Baseline and echocardiographic characteristics
The baseline general characteristics of the study sample are presented in Table 1 . A significant increase in systolic blood pressure (P ¼ 0.03), indexed LV mass (P ¼ 0.002), and relative wall thickness (P ¼ 0.008) was observed with increasing age.
LV strain and rotation analysis
Mean strain values for all subjects were 217.28 + 3.30% for longitudinal strain, 217.40 + 3.29% for circumferential strain, and 57.49 + 3.32% for radial strain ( ( Table 3 ). Both subendocardial and subepicardial rotation values for the apex (counterclockwise, positive values) and base (clockwise, negative values) were recorded in the same direction ( Figure 1 ) in all subjects. The mean untwisting rate was 52.19 + 5.568/s ( Table 3) .
Age-related changes in strain and LV twist
There was a significant decrease in longitudinal, circumferential, and radial strain with advancing age ( Table 2) . Net twist increased with advancing age and was accompanied by an increment in both AR and BR (Table 3, Figure 2 ). Differences in AR were progressively more pronounced after age 30 Table 3 ). There were no significant differences in BR among age groups ≥40 (P . 0.05) (Figure 2) . Net twist changed substantially in those ≥40 years old [9.25 + 0.908 (40-49); 12.00 + 1.388 (50-65)] (Figure 2 ). Subendocardial and subepicardial rotational values at the apex and base increased with age ( Table 3) .
Factors determining LV twist
Univariate linear regression analysis showed that age, ejection fraction, left ventricular mass index (LVMI), and longitudinal, circumferential, and radial strain were independently associated with net twist (P , 0.05 to P , 0.0001) ( Table 4) . Table 5 summarizes results of a multivariate linear regression analysis identifying predictors of net twist. Insertion of ejection fraction, LVMI, end-systolic volume index, body surface area, pulse pressure, and longitudinal, radial, and circumferential strain as potential covariates in three different models of multivariate analyses did not change the final models generated, which demonstrated age and male sex as the main independent predictors of net twist ( Table 5) .
Discussion Main findings
This study describes normative values for LV twist and its determinants in a black adult population. The pattern of rotation during systole in our study was that of the apex rotating counterclockwise while the base rotated clockwise. Regional subepicardial and subendocardial rotation at the apex and base were both counterclockwise and clockwise, respectively, in keeping with the overall global pattern of rotation observed at these anatomical sites. There was a trend of increasing AR, BR, and net twist with ageing, whereas longitudinal, radial, and circumferential strain decreased with ageing. Age and male gender independently predicted LV twist following multivariate regression analysis. Twist is the net difference between AR and BR when the left ventricle is viewed from the apex. 18, 19 In subjects of African descent, no data exist on the analysis of these parameters in normal individuals. Our findings reveal that the values of BR, AR, and net twist using the QLAB software do not differ from findings in other populations using this vendor's technology. 19 Additionally, the values obtained for AR and BR in this study are less than those reported in normal populations using different vendor technologies. 19 -22 Our findings, where at the base and apex, subendocardial and subepicardial rotations occur in the same direction as each other, and peak simultaneously but differ in magnitude, are in keeping with those of other studies. 23 -25 These rotational patterns are noted irrespective of the speckle-tracking vendor technology used. 23 -25 It is postulated that subendocardial fibres in the apex and base move in the same direction, whereas the subepicardial fibres in these regions move in the opposite direction and that the interaction between these fibres in the helical architecture contributes to LV twist. 19 Net rotation is thought to be predominantly counterclockwise at the apex due to the longer arm of rotation of subepicardial fibres. This postulate cannot be assessed in this study since speckle tracking only tracks the movement of speckles in these anatomical regions, which is not synonymous with assessing myocardial fibre movement in these regions. We postulate that perhaps current speckle-tracking technology is unable to sufficiently assess fibre movement due to its limitations with regard to both spatial and temporal resolution. Normal left ventricular twist in Africans
Ageing affects many aspects of cardiovascular function. 3 -5,26,27 Advancing age is associated with structural and functional changes in the myocardium, e.g. myocardial fibrosis and impaired coronary perfusion. 3 -5,27 Increased LV wall thickness, alterations in the diastolic filling pattern, impaired LV ejection, and heart rate reserve capacity are the most dramatic changes in cardiac function that occur with ageing in healthy persons. 3 -5 Although these age-associated changes do not always reflect clinical heart disease per se, they may compromise cardiac reserve and alter the threshold for disease manifestation. Our findings reveal that net twist increased with age due to an increase in both basal and AR. However, there appears to be a temporal dispersion in the increment of AR and BR. We observed that AR increased substantially after age 40, whereas no significant increment occurred in BR after age 40, resulting in a major increment in net twist after age 40. BR also was less influenced by age in other published data. 19 LV twist characteristics undergo substantial changes during the ageing process. The increase in LV twist can be partially explained by lessened opposition to AR, which results from a gradual decrease in subendocardial function with ageing. 19 -22 Impairment of subendocardial contractile function may be on the basis of ischaemia or fibrosis and results in diminished clockwise systolic BR rotation, which leads to less opposition of counterclockwise systolic AR, thereby causing net twist to increase. 19 -22 An analysis of other aspects of myocardial mechanics revealed a concurrent reduction in longitudinal, circumferential, and radial strain with increasing age. Whereas some researchers described reduced strain with increasing age 28 -30 or increasing strain with ageing, 11 others found no correlation between strain and age 31 in other populations. Moreover, some studies using speckle tracking found some strain parameters (circumferential and radial) increased, 10, 11 whereas longitudinal strain decreased. 10 Another possible rationale for the increase in twist with ageing is a compensatory mechanism for the decline in other strain parameters. LV twist is an effective method to preserve LV systolic function, as the helical fibre architecture of the heart doubles the ejection fraction. 26, 27 We postulate that increased net twist with advancing age may demonstrate a possible contribution of net twist to preserving ejection fraction and maintaining normal systolic function of the left ventricle. AR is the primary contributing factor of LV twist, with an increase in AR resulting in an increase in twist. This implies that apical function is perhaps the most important determinant for LV twist, and one would expect that pathological states that impair apical function to a greater degree than other anatomic sites may result in greater LV dysfunction. However, age was the main independent predictor of net LV twist in our study. Furthermore, despite an increase in relative wall thickness, LVMI, systolic blood pressure, and changes in diastolic indices with advancing age in Normal left ventricular twist in Africans our study, conventional echocardiographic and clinical variables were not able to predict net LV twist. Cameli et al. 32 showed an independent correlation of indexed end-systolic LV volume, LV relaxation, heart rate, gender, and age with LV torsion mechanics in normal individuals. However, echocardiographic and clinical variables were not independent predictors of LV torsion mechanics. 32 Moreover, strain parameters showed an independent correlation with net LV twist in our study but were unable to predict net LV twist.
Limitations
The technique of speckle tracking used in this study only provides a two-dimensional analysis, and the consistency of these findings using other two-dimensional vendor technology is uncertain. MRI tagging or sonomicrometry was not employed as the gold standard to compare speckle-tracking findings.
Normal deformation values vary among publications and depend on the vendor used, suggesting that reference values have to be obtained for each method and software. 33 The interpretation of functional data across a spectrum of ages requires consideration of the ventricular loading conditions and vascular impedance. Further research is required to assess the fibre structure and loading conditions that change with ageing between different populations, as the response of the left ventricle in black patients in pathological states does differ. 34, 35 Further research is required to determine the effect of ageing on strain and rotation using three-dimensional speckle tracking, preferably in an international multicentre cohort.
Conclusions
The data reported in this study establish the normal values and patterns for LV strain and rotational mechanics in a normal blackAfrican adult population and can be used as a baseline for future studies. Ageing is associated with increased net LV twist, whereas decreasing strain parameters are associated with advancing age. Age is the major determinant of increased LV twist in this population. 
